Dengue virus (DENV) capsid (C) protein is one of the three structural proteins that form a mature virus. The main challenge impeding the study of this protein is to generate pure non-truncated, full-length C proteins for structural and functional studies. This is mainly due to its small molecular weight, highly positively charged, stability and solubility properties. Here, we report a strategy to construct, express, biotinylate and purify non-truncated, full-length DENV C protein. A 63 His tag and a biotin acceptor peptide (BAP) were cloned at the N-terminus of C protein using overlapping extension-polymerase chain reaction method for sitespecific biotinylation. The final construct was inserted into pET28a plasmid and BL-21 (CodonPlus) expression competent cell strain was selected as there are 12% rare codons in the C protein sequence. Strikingly, we found that our recombinant proteins with BAP were biotinylated endogenously with high efficiency in Escherichia coli BL-21 strains. To purify this His-tagged C protein, nickel-nitriloacetic acid affinity chromatography was first carried out under denaturing condition. After stepwise dialysis and concurrent refolding, ion exchange-fast protein liquid chromatography was performed to further separate the residual contaminants. To obtain C protein with high purity, a final round of purification with size exclusion chromatography was carried out and a single peak corresponding to C protein was attained. With this optimized sequential purification protocol, we successfully generated pure biotinylated full-length DENV C protein. The functionality of this purified nontruncated DENV C protein was examined and it was suitable for structural and molecular studies.
Introduction
Dengue virus (DENV) belongs to the Flavivirus genus within the Flaviviridae family. Other members of the Flavivirus genus include Yellow Fever virus, West Nile virus (WNV), Kunjin virus, Japanese Encephalitis virus and Tick-Borne Encephalitis virus, just to name a few. DENV infection encompasses a wide spectrum of severity ranging from mild asymptomatic dengue fever to critical and fatal dengue hemorrhagic fever/dengue shock syndrome. DENV caused about 15 000 deaths annually and it is estimated that more than 2.5 billion people are at risk of DENV infection in more than 100 countries (Gubler, 2002) . However, anti-viral drug and vaccine are yet to be available in the market.
The whole mature virion particle is about 50 nm in diameter. Each virion contains a single positive-stranded RNA that is encapsulated by multiple copies of capsid (C) protein to form a spherical cage-like structure called nucleocapsid or core. The core is approximately 30 nm in diameter which can be seen as a dense particle under electron microscope (Hase et al., 1987) . Nucleocapsid is surrounded by a 10-nm-thick lipid bilayer derived from host cell membrane anchored with 180 membrane (M) protein and 180 envelope (E) protein (Zhang et al., 2003) .
DENV C protein is the first structural protein found in the open reading frame of its genome. Although the sequence homology of C proteins among other flaviviruses is poorly conserved (Fig. 1A and B), they are still structurally and functionally similar. The C-terminal hydrophobic signal sequence of full-length DENV C protein is cleaved by its NS2B-NS3 proteins to generate mature DENV C protein (Markoff, 1989; Amberg and Rice, 1999) . DENV C protein has a molecular weight of about 12-15 kDa and is a highly basic protein that contains about 25% of lysine and arginine residues. The high basic-residue content confers its RNA-binding property to neutralize the negatively charged viral RNA. This explains the main function of C protein which is to encapsidate its viral RNA and form nucleocapsid.
Other than its structural function, DENV C protein is also known to carry non-structural functions. It is currently believed that multifunctional C protein is essential in the viral replication, assembly, RNA encapsidation, as well as pathogenesis. The role of C protein in inducing apoptosis by activating caspase-3 and caspase-9 leading to mitochondrial dysfunction was reported (Yang et al., 2008) . Recently, our laboratory also discovered that WNV and DENV C protein interact with human Sec3 exocyst protein (hSec3p) to antagonize the antiviral effect caused by hSec3p (Bhuvanakantham et al., 2010) . Moreover, DENV C protein was also known to localize in the nucleus of infected cells during replication (Tadano et al., 1989) . We found that C protein was transported into the nucleus by importain-a/b complex and the loss of the nuclear translocation ability affected virus replication (Bhuvanakantham et al., 2009) . However, the exact role of C protein in the nucleus still remains unclear and further investigation is warrant.
There is also a lack of information about the interaction of DENV C protein with either prM and E proteins or even its RNA genome. The binding of NS2B-NS3 protein with C protein and how it cleaves C-prM polyprotein is also unclear. This is mainly due to the difficulty of expressing and purifying full-length C protein for functional and structural studies. The NMR structure of DENV C protein studied thus far only encompasses 80 residues from the 21st to 100th amino acid (Ma et al., 2004) . The N-terminus is removed from the structural study because it is conformationally labile and unstable (Jones et al., 2003) . The hydrophobic C-terminus of DENV C protein is also excluded due to its solubility problem. Nevertheless, the N-terminus of C protein is found to be antigenic as predicted by bioinformatics analysis (Fig. 1C) . This is also supported by Puttikhunt et al. (2009) that the N-terminus of DENV C protein was immunogenic in mice. Recently, Samsa et al. (2012) found that the first 18 amino acid residues from the N-terminus were essential for virus particle assembly. Taken together, these suggest that the N-terminus of DENV C protein have important roles in the pathogenesis and viral replication.
In this project, we aimed to express and purify full-length DENV C protein for structural and functional studies. Since biotinylation has been widely used to date for purification, detection, diagnostic, protein -protein interaction studies, imaging studies and other molecular studies (ChapmanSmith and Cronan, 1999a,b; de Boer et al., 2003; Howarth and Ting, 2008; Postel et al., 2011; Qi and Katagiri, 2011) , a biotinylation site was engineered into C protein to ease further downstream experiments. Using our expression and purification strategy, we have successfully obtained functional biotinylated full-length DENV C protein.
Materials and methods

Construction of pET28aDENVBioCap plasmid
DENV C gene was amplified from cDNA synthesized from DENV-2 (NGC strain; accession number: M29095; nucleotide 100-438) RNA using SuperScript TM III First-Strand Synthesis System (Life Technologies, USA). Primers Biotin_F
, and C_R (5 0 -CCGCTCGAGTTACGCCATCACTGT-3 0 ) were used to join biotin acceptor peptide (BAP) gene (Cull and Schatz, 2000) containing an enterokinase cleavage site with DENV C gene via overlap extension polymerase chain reaction (OE-PCR). Gel-purified PCR products containing the joined fragments were subsequently inserted into expression vector, pET28a (Novagen, Germany) via NheI and XhoI cut sites. 6Â His tag and thrombin cleavage site are at the N-terminus of signal peptide followed by enterokinase cleavage site and DENV C protein. DNA sequences of the constructs were confirmed by sequencing.
Competent cell strain screening
Transformed bacterial colonies of each strain and BL-21-CodonPlus] (Agilent Technologies, USA) were picked and grown in 20 ml Luria-Bertani (LB) broth with 30 mg/ml kanamycin antibiotic. When the bacteria absorbance OD 600nm reached 0.65, protein expression was induced with 1 mM isopropyl b-D-thiogalactoside (IPTG) overnight at 288C. After IPTG induction, the bacteria absorbance OD 600nm was measured again and 200 ml of equal bacteria density for both strains were used for expression level screening. Bacterial cells were pelleted down with centrifugation at 8000 rpm for 15 min at 48C and resuspended with 100 ml 1Â protein sample buffer containing b-mercaptoethanol. The samples were boiled for 10 min with constant vortexing at 1 min interval. Insoluble substances were pelleted down with centrifugation for 2 min at 20 000 g.
Protein expression and extraction
pET28aDENVBioCap plasmid was transformed into BL-21-CodonPlus expression competent cells (Agilent Technologies, USA) and grown on LB agar containing 30 mg/ml kanamycin. Selected clones were cultured in 1 l LB broth (30 mg/ml kanamycin) at 308C until absorbance OD 600nm of 0.65. Expression of DENV C protein was induced with 1 mM IPTG overnight at 288C. Bacterial cells were pelleted down with centrifugation at 8000 rpm for 15 min at 48C. Pellet was then resuspended in 10 ml resuspension buffer (20 mM Tris, 300 mM NaCl, 0.2% Triton-X, pH 8.0) and pelleted down again at 8000 rpm for 15 min. The pellet was washed with wash buffer (20 mM Tris, 300 mM NaCl, pH 8.0) before it was resuspended in 30 ml lysis buffer (8 M urea, 20 mM Tris, 300 mM NaCl, 10 mM Imidazole, pH 8.0) containing EDTA-free protease inhibitor (Roche, Switzerland). The mixture was incubated at room temperature for 30 min and the lysate was subsequently clarified by centrifugation at 13 200 rpm for 20 min.
Nickel-nitriloacetic acid affinity chromatography
Bacterial lysate containing denatured DENV C protein was incubated with nickel-nitrilotriacetic acid resin (Bio-Rad, USA) for binding in a chromatography column overnight at 48C. Ten column volume of wash buffer (8 M urea, 20 mM Tris, 300 mM NaCl, 20 mM Imidazole, pH 8.0) was used to wash away non-specific binding proteins. DENV C protein was eventually eluted out with elution buffer (8 M urea, 20 mM Tris, 300 mM NaCl, 500 mM Imidazole, pH 8.0) in 10 fractions. Next, all eluates were combined for refolding and dialysis to remove 8 M urea. Briefly, all eluates were (B) Sequence distances analysis using the ClustalV method shows that the protein sequence similarities among the nine flavivirus C proteins are mostly lower than 50% and the sequence divergence is more than 100%. The percent identity refers to the percentage of sequence similarity between two sequences whereas percent divergence is obtained by comparing two sequences in relation to their relative positions in the phylogenetic tree. (C) Antigenic plot of DENV2 C protein generated by Protean, DNASTAR Lasergene 7.2 software, using Jameson-Wolf methodology. The higher the antigenic index, the more likely the region will be recognized by immune system. The secondary structures are also shown in parallel with the antigenic plot. Alpha helices are shown in rounded rectangles while beta sheets are shown in regular rectangles. The high antigenicity of the first 20 amino acids is highlighted in dotted box. DENV1-4, dengue virus serotype 1-4; JEV, Japanese Encephalitis virus; MVEV, Murray Valley encephalitis virus; UV, Usutu virus; YFV, Yellow Fever virus. Accession number of the protein sequence is shown in the bracket.
Production of biotinylated dengue capsid protein pooled into a SnakeSkin dialysis membrane tubing, 3.5 k MWCO (Thermo Scientific, USA) and 0.5% of Tween-20 was added into the samples. The dialysis tubing was incubated in 1 l of 6 M urea for 6 -12 h at 48C and 250 ml of 25 mM Tris ( pH 8.0) was added into the solution at every 6 -12-h interval. When the final volume reached 3 L, the dialysis tubing was transferred into 2 L of 20 mM Tris ( pH 8.0) for 6 h. Refolded DENV C proteins were collected from the dialysis tubing.
Ion exchange chromatography
Ion exchange chromatography column, Resource TM Q/S 1 ml-packed size column (GE Healthcare, UK), was connected to fast protein liquid chromatography (FPLC) system. The column was equilibrated with 10 column volumes of 20 mM Tris ( pH 8.0) until the UV baseline and conductivity were stable. Refolded DENV C protein was injected into the column and the flow rate was set to 0.5 ml/min. After the sample passed through the column, 10 column volumes of 20 mM Tris ( pH 8.0) was used to wash away all the unbound proteins. Ionically bound proteins were eluted out with increasing concentration of sodium chloride to a final concentration of 1 M (100%). All the fractions were analyzed via enzyme linked immunosorbent assay (ELISA) to determine the presence of biotinylated C protein.
Size exclusion chromatography
Superdex 75 10/300 GL chromatographic separation column (GE Healthcare, UK) was connected to the FPLC system. The column was washed with five column volumes of MilliQ TM water and then equilibrated with two column volumes of 1Â phosphate-buffered saline (PBS) ( pH 7.2). Samples were injected into the column and the flow rate was set to 0.25 ml/min. All the eluates were analyzed via ELISA to determine the presence of biotinylated C protein.
Enzyme-linked immunosorbent assay
To determine whether the expressed protein is biotinylated or not, 50 ml of samples were added into the wells of MaxiSorp plate (eBioscience, USA) in triplicate for coating overnight at 48C. After washing with 1Â 0.1% PBST, 150 ml blocking buffer (4% bovine serum albumin) was added into each well and incubated for another hour at room temperature. Next, 150 ml streptavidin-horseradish peroxidase (HRP) enzyme conjugates (1 : 5000 dilution) was added and incubated for 1 h. The plate was washed with 1Â PBST three times to remove unbound conjugates and then 100 ml substrate solution, tetramethyl benzidine (TMB; Promega, USA), was added for development. To stop the reaction, 50 ml of 0.5 M H 2 SO 4 solution was added. The absorbance was measured at 450 nm.
Product analysis
Samples collected from flow through, wash, and eluates were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and western blot. Twelve % Tris-tricine polyacrylamide denaturing gel was used to separate proteins in the samples and subsequently stained with Coomassie blue for detection. The presence of biotinylated DENV C protein was confirmed by western blot via two different approaches. First, the identity of DENV C protein was determined with anti-His antibody. Briefly, separated proteins were transferred from polyacrylamide gel onto a polyvinylidene difluoride (PVDF) membrane using iBlot w Dry Blotting System (Life Technologies, USA). Blocking was done with 5% skimmed milk for 1 h at room temperature. Next, the membrane was incubated with 0.1 mg/ml mouse anti-His antibody (Qiagen, Germany) overnight at 48C. The membrane was then washed with 1Â tris-buffered saline with Tween (TBST) and incubated with 0.1 mg/ml goat anti-mouse secondary antibody conjugated with HRP (Thermo Scientific, USA) for 1 h at room temperature. After washing with 1Â TBST, the membrane was developed using SuperSignal w West Pico/Dura/Femto chemiluminescent substrate (Thermo Scientific, USA).
For the second approach, DENV C protein was detected directly using streptavidin conjugated with HRP. After transferring the samples onto a PVDF membrane, it was blocked with 4% bovine serum albumin (BSA) for 1 h at room temperature. The membrane was then incubated with HRP-conjugated streptavidin (Millipore, USA) for another hour at room temperature. Subsequently, the membrane was washed thoroughly with 1Â PBST for 1 hr at room temperature and developed with chemiluminescent substrate.
Sample preparation for mass spectrometry
Purified protein was electrophoresed through SDS-PAGE using 12% Tris-tricine polyacrylamide denaturing gel and stained with Coomassie blue. The background of Coomassie-stained gel was removed with destaining solution (40% methanol, 10% glacial acetic acid, 50% distilled H 2 O). DENV C proteincorresponding band was excised from the gel and kept in eppendorf tube containing distilled water. Samples were submitted to Dr Lim Yong Pin (Department of Biochemistry, NUS) for matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry analysis.
Biotinylated protein-binding assay
The binding affinity of purified biotinylated DENV C protein was tested using streptavidin magnetic beads (GE Healthcare, UK) according to the manufacturer's protocol. Briefly, samples were mixed with the streptavidin magnetic beads and incubated for 1 h with gentle mixing at 48C. Unbound proteins were removed with wash buffer while biotinylated proteins were eluted out with elution buffer provided in the kit. Eluted proteins were analyzed by ELISA to confirm the biotinylation.
DENV C protein functional assay
Pure Sec3 protein (Abnova, Taiwan; known interacting partner of flavivirus C protein; Bhuvanakantham et al., 2010) was added into the wells of MaxiSorp plate (eBioscience, USA) for coating overnight at 48C. After washing with 1Â PBST, blocking buffer (4% bovine serum albumin) was added into each well and incubated for another hour. Purified DENV C protein was added into the well for binding at 378C for 1 h. Next, streptavidin-HRP enzyme conjugates was added and incubated for another hour at 378C. After washing three times with 1Â PBS, 100 ml TMB substrate (Promega, USA) was added for development and 50 ml 0.5 M H 2 SO 4 solution was added to stop the reaction when necessary. The absorbance was measured at 450 nm.
Results
Engineering of biotin acceptor peptide into full-length DENV capsid (C) plasmid, pET28aDENVBioCap
To avoid non-specific biotinylation, we engineered a BAP at the N-terminus of DENV C protein. Biotin is a very small molecule (molecular weight ¼ 244.31) so it is unlikely to affect the structure and function of the protein. To ensure that the BAP will not result in any steric hindrance to the protein conformation, a secondary structure prediction was performed. As shown in Fig. 2A , the predicted secondary structures of DENV C protein with and without BAP do not differ from each other.
To clone the full-length DENV C protein, nucleotides 100 to 438 from DENV-2 genome (GeneBank accession number: M29095) were amplified, whereas the BAP sequence (Cull and Schatz, 2000) was synthesized together with an enterokinase cleavage site at the C-terminus. Both fragments were joined together through the OE-PCR method as illustrated in Fig. 2B . Schematic representations of the final recombinant gene and protein are shown in Fig. 2C and D, respectively. The final ligated product was then cloned into bacterial expression vector, pET28 which consisted of a 6Â His tag and a thrombin cleavage site in the upstream of the multiple cloning site. Hence, the recombinant full-length DENV C construct ( pET28aDENVBioCap) contained two tags (6Â 
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His tag and BAP) at the N-terminus and two different enzyme cleavage sites (thrombin cleavage site and enterokinase cleavage site) for tag removal when necessary.
Five successfully transformed bacterial colonies were picked for colony PCR screening and DNA sequencing was performed to verify the constructs. The final DNA and protein sequence were shown in Supplementary Table S1 . To further support our site-specific biotinylation strategy, WNV domain III (DIII) protein which has similar molecular weight as the C protein, was also engineered with a BAP concurrently via the same procedure. DENV C and WNV DIII proteins without BAP were also constructed for comparison purposes.
Optimal expression competent bacterial strain for DENV C protein
To express DENV C protein, an optimal expression competent bacterial strain is requisite. We detected 14 rare codons in the full-length DENV C protein DNA sequence (Supplementary Table S2 ). This raised a concern for protein expression because 12% of the total 115 codons are rare codons. To screen for the optimal bacterial expression competent cell, pET28aDENVBioCap plasmid was transformed into BL-21 (DE3) and BL-21-CodonPlus. BL-21 (DE3) is a common bacterial strain for high expression of recombinant proteins while BL-21-CodonPlus is a bacterial strain specifically engineered for expression of proteins with rare codons.
The expression of DENV C protein was indeed much higher in BL-21-CodonPlus strain. As indicated in Fig. 3 , an obvious band corresponding to the recombinant fulllength DENV C protein was detected in the lysate of IPTG-induced CodonPlus strain but not in the BL-21 (DE3) strain (Fig. 3Ai) . Western blotting with anti-His antibody revealed that DENV C protein was expressed in both BL-21 (DE3) and BL-21-CodonPlus strains because C protein-corresponding bands were detected in the lysates of both strains (Fig. 3Aii) . Nonetheless, the observed bands were much thicker in BL-21-CodonPlus strain as compared with BL-21 (DE3) strain. This demonstrated that DENV C protein expression level was much higher in BL-21-CodonPlus strain under the same condition. As for WNV DIII protein, the expression was good enough in normal BL-21 (DE3) strain (data not shown). 
Discovery of endogenous biotinylation in BL-21 strains
As comparing DENV C protein with and without BAP via western blot using anti-His antibody, bands were observed in all the lanes for DENV C and WNV DIII proteins (Fig. 3Bi) . As shown in Fig. 3Bi , recombinant proteins with BAP have higher molecular weight than those without BAP. This also indicated that all the DENV C and WNV DIII proteins with and without BAP were expressing well in the BL-21 strains.
Besides detecting the proteins of interest using anti-His antibody, streptavidin-HRP was also employed to detect the presence of biotinylated protein. Surprisingly, we found that our proteins of interest were biotinylated even before any in vitro biotinylation process. As shown in Fig. 3Bii , thick bands can be observed in the BAP-containing DENV C and WNV DIII proteins when streptavidin-HRP antibody was used. Similar bands were not detected in DENV C and WNV DIII proteins without BAP. Commercially available biotinylated and unbiotinylated maltose-binding protein (MBP; GeneCopoeia, USA) were used as positive and negative controls for biotinylation, respectively. Similarly, band was only seen in the biotinylated MBP lane. This result suggested that DENV C and WNV DIII proteins with BAP were biotinylated endogenously in BL-21 strains.
We postulated that bacterial BL-21 strains may contain biotin holoenzyme synthetase BirA gene that encodes for biotin ligase protein in their genome. To investigate the reason behind endogenous biotinylation, BirA gene sequence was analyzed using BLAST software and the result showed that BL-21 strains indeed possess BirA gene in their genome (Supplementary Table S3 ). It was also reported that biotin molecules were present in the LB broth (Tolaymat and Mock, 1989) . As a result, proteins engineered with BAP could be directly expressed and biotinylated in BL-21 strains without the extra in vitro enzymatic biotinylation step.
Optimized sequential purification protocol for full-length C proteins
After confirming the expression and biotinylation of the protein of interest, large-scale production of bacterial culture was carried out. The initial attempt was to perform all the extraction and purification steps in native form so that the protein structure could be preserved without the need of refolding. However, the extraction of DENV C protein from the bacterial cells was not effective in native condition. There were still considerably large amounts of DENV C protein trapped in the pellet (data not shown). Therefore, 8 M urea was used to lyze the bacterial cells and affinity His-tag chromatography purification was first performed under denaturing condition.
The bacterial cell lysate with biotinylated DENV C protein was incubated with nickel-nitrilotriacetic acid resin to purify His-tagged proteins. Recombinant full-length DENV C protein contained 6Â His tag at the N-terminus bound to the resin and unbound proteins were removed during washing with 20 mM imidazole. To ensure that most of the unbound proteins were washed away, 10 column volumes of wash buffer were used. The bound proteins were eluted out with 500-mM imidazole. However, many non-specific bands were still observed in the eluates of DENV C protein (Fig. 4A) , especially in the second eluate fraction. Nonetheless, western blot result confirmed that most of the DENV C proteins were eluted out starting from fraction E2 until E10 (Fig. 4B and C) .
Partially purified DENV C proteins from eluates E2 to E10 were pooled together for step-wise dialysis and concurrent refolding. Owing to its hydrophobic C-terminus, DENV C protein easily aggregated, resulting in major loss in amounts during refolding and dialysis. To prevent protein aggregation and to enhance efficient refolding, 0.05% of Tween-20 was added to the samples (Krupakar et al., 2012) . With this addition, protein aggregation was reduced significantly. No obvious precipitation was observed and the solution was clear after dialysis and refolding. This partially purified DENV C protein was then subjected to a second round of purification using ion exchange chromatographyfast protein liquid chromatography system (IEX-FPLC).
Theoretically, DENV C protein is a positively charged protein so cation-exchanger column, Resource MonoS, should be used. However, we found that biotinylated DENV C protein was not eluted out at a specific concentration of sodium chloride (NaCl). Miniature amount of the protein was eluted out slowly in an increasing gradient manner and it reached plateau at 70 mM of NaCl ( Supplementary Fig. S1 ). This indicated that Resource MonoS column is not suitable for separating DENV C protein from the contaminants.
Counter intuitively, we were able to obtain better separation when we used anion-exchanger, Resource MonoQ, column (Fig. 5Ai) . This could be due to the presence of BAP in the DENV C protein conferring its ability to bind to positively charged beads. As shown in Fig. 5A , biotinylated full-length DENV C protein bound perfectly to Resource MonoQ column as no biotinylated proteins were detected by ELISA in the flow although there was high UV absorbance detected in those fractions. During elution, one high peak was detected when the NaCl concentration reached approximately 350 mM (35%) while there was another small peak detected at the elution concentration of 100 mM of NaCl (10%). These peaks were confirmed to be biotinylated proteins as detected by ELISA using streptavidin-HRP antibody. This result showed that the second purification step managed to further separate most of the contaminants from DENV C protein.
To avoid any other contaminants that may have similar charge as biotinylated DENV C protein, eluates corresponding to the high UV absorbance peak after IEX-FPLC were injected into size exclusion chromatography (SEC), Superdex 75 10/300 GL column. It was previously reported that SEC could not be used to estimate the molecular weight of DENV C protein because there were many unspecific interaction between the gel matrix and C protein (Jones et al., 2003) . Nevertheless, it is still a good method to further isolate the proteins of interest from other possible residual contaminants based on the molecular weight differences. After SEC, three peaks were observed in the chromatogram (Fig. 5Bi) . The first peak was identified to be the biotinylated DENV C protein as the fractions detected with high absorbance in ELISA using streptavidin-HRP antibody coincided with the first peak in the elution profile (Fig. 5Bii) . The identity of this highly purified protein was further validated with matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry analysis (Supplementary Table S4 ).
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With this optimized sequential purification protocol, we were able to obtain 0.8 -1.0 mg of highly purified biotinylated non-truncated, full-length DENV C protein from 1 l of IPTG-induced bacterial culture repeatedly.
High in vivo biotinylation efficiency in BL-21 strains
To compare the biotinylation efficiency of our strategy, the same amount of purified biotinylated DENV C, WNV DIII and MBP proteins were coated on the ELISA plate and streptavidin-HRP antibody was used for detection. Assuming that the coating efficiencies are the same among all three proteins, the absorbance detected via ELISA should be proportional to the number of coated proteins and inversely proportional to the power of two-third of its molecular size. Hence, the larger the protein, the lesser the proteins can be coated on the plate:
The molecular weight of MBP is approximately 42.5 kDa while DENV C and WNV DIII proteins have an approximate mass of 15.4 and 14 kDa, respectively. Assuming that one protein only carries one biotin which will bind to one streptavidin-HRP only, the absorbance of MBP should be roughly two times lower than our purified proteins for the same protein concentration. As shown in Fig. 6Ai , the absorbance of purified biotinylated DENV C and WNV DIII proteins indeed showed approximately two times higher the absorbance as compared with commercial biotinylated MBP. The same phenomenon was also observed when the biotinylated proteins were streptavidin captured by streptavidinmagnetic beads and detected via direct ELISA (Fig. 6Aii) . The absorbance of eluted biotinylated DENV C protein and WNV DIII protein were two times higher than that of eluted biotinylated MBP. No significant absorbance was detected for unbiotinylated C and DIII proteins. This result further supported that engineering an additional BAP on a protein could result in site-specific endogenous biotinylation with high efficiency in Escherichia coli BL-21 strains, without the need of an extra in vitro enzymatic or chemical conjugation step. Our strategy could produce biotinylated proteins that were as good quality as the manufactured biotinylated MBP. is incubated with nickel-charged resin overnight. Next, the resin is packed in a column and the flow through (FT) is kept for SDS-PAGE. 20 mM imidazole is used to wash away the unbound proteins (W) and 500 mM imidazole is used to elute the C protein in ten fractions (E1-10). SDS-PAGE is carried out and stained with Coomassie blue (A). Fraction E2 shows the most intense band but there are also many contaminants in the eluates. Western blot is also performed for the samples using anti-His antibody (B) and streptavidin-HRP secondary antibody (C). C protein-corresponding bands can be observed from fraction E2 until E10. The band intensity is the highest in fraction E2 and decreases until fraction E10. A faint C protein dimer-corresponding band can also be observed in fraction E2 as detected by anti-His antibody. Fig. 5 . Sequential purification of DENV C protein using the FPLC system after first round of affinity his-tag purification. Dialyzed and refolded DENV C protein from eluates E2 to E10 are injected into Resource MonoQ ion exchange chromatography column. Bound proteins are eluted out using increasing concentration of sodium chloride until final NaCl concentration of 1 M. One high peak can be observed when the sodium chloride concentration reaches 350 mM [A(i)]. The identity of the peak is confirmed to be C protein as detected by ELISA using streptavidin-HRP antibody [A(ii)]. The eluates from the peak are combined and inserted into size exclusion chromatography for further purification. One high peak is observed in the elution profile [B(i)] and this peak is identified to be C protein as confirmed by ELISA using streptavidin-HRP antibody [B(ii)].
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Purified non-truncated, full-length DENV C protein is functional
It is essential to ensure that the purified proteins are functional before they are used for any further studies. According to our recent findings, WNV and DENV C proteins were found to interact with human Sec3 exocyst protein (Bhuvanakantham et al., 2010) . Thus, we examined the functionality of the purified DENV C protein by revisiting the interaction between biotinylated DENV C protein and Sec3 protein using ELISA. Pure Sec3 protein was coated overnight on ELISA plate and purified biotinylated DENV C protein was used as the probe. Bound DENV C proteins were detected with streptavidin-HRP antibody. As shown in Fig. 6B , statistically significant absorbance was detected in Sec3 protein-coated wells but not in BSA-coated wells. Thus, our purified DENV C protein did interact with Sec3 protein. This corroborated that our purified biotinylated full-length DENV C protein is functional and can be used for structural and molecular studies.
Discussion
Biotinylation is a popular process in protein engineering to ease detection and purification (Chapman-Smith and Cronan, 1999a,b; Cull and Schatz, 2000) . Biotinylated hemagglutinin, for instance, was generated to develop a subtype-specific serological assay to diagnose influenza A virus in patients' sera (Postel et al., 2011) . One of the advantages of using biotinylated protein is that the detection sensitivity of the biotinylated protein is greatly enhanced by the high affinity and specificity between biotin and streptavidin (Bayer and Wilchek, 1990a,b) . This advantage is exploited for techniques such as co-immunoprecipitation or library screening of interaction proteome (Markham et al. 2007; He et al., 2009; Moreland et al., 2010) . Not only that, site-specific biotinylation was also developed as a means for molecular labeling and imaging (Howarth and Ting, 2008; Sueda et al., 2011) . As such, biotinylated DENV C protein is useful for various cellular, molecular, and imaging experiments because of the high detection limit while the function of the protein is still well preserved.
There are various approaches to biotinylate a protein, either chemically or enzymatically (Cull and Schatz, 2000) . Various commercial kits are available in the market for chemical biotinylation by conjugating biotin molecules on proteins or antibodies that contain primary amines. However, chemical biotinylation may lead to non-specific and non-homogenous incorporation of biotin which might result in possible loss of activity of the protein (Bayer and Wilchek, 1990a,b) . Moreover, another step of removing the excess biotin reagent will increase the chance of losing more proteins. To produce biotinylated proteins, we opted for site-specific biotinylation by engineering a biotin acceptor signal peptide (BAP) in the upstream of our proteins. To attach a biotin molecule onto BAP either in vivo or in vitro, bacterial biotin ligase BirA is required (Chapman-Smith and Cronan, 1999a,b; Cull and Schatz, 2000; Tan et al., 2004; Yang et al., 2004) . Instead of performing this biotinylation step in vitro, we found that biotinylation of the BAP-containing proteins occurred endogenously in Escherichia coli BL-21 strains with high efficiency. As such, other proteins that require site-specific biotinylation may be produced easily by just simple OE-PCR and expression in Escherichia coli BL-21 strains without the need of an additional in vitro biotinylation step.
The purification of non-truncated, full-length DENV C protein was indeed challenging. Unlike DIII protein , one single purification step was simply not adequate to produce pure DENV C protein. The presence of rare codons in the C protein sequence necessitates unique expression competent strain for its optimal protein expression. (ii) Biotin-streptavidin binding assay also shows that only BN proteins bind to streptavidin-magnetic beads and are detected in the eluates. (B) The functionality of DENV C protein is examined via a binding assay with Sec3 protein which is known to interact with C protein in host cells. Pure Sec3 protein is coated onto ELISA plate and purified full-length DENV C protein is added into the well for binding. Bovine serum albumin (BSA) is used as negative control. Significant absorbance is detected using streptavidin-horseradish peroxidase antibody in the wells with Sec3 protein coated (Sec3-DENVC) but not with BSA (BSA-DENVC). *P , 0.05.
Due to the hydrophobic C-terminus, aggregation easily occurred and most of the expressed proteins were trapped in the inclusion bodies. As such, we had to use 8 M urea to denature the proteins and perform affinity chromatography under denaturing condition. We also managed to solve the aggregation problem during dialysis and refolding by using non-ionic detergent. This is indeed critical in making this protein purification a success. To obtain highly purified DENV C protein, two more purification steps were included in our protocol, namely IEX and SEC. This sequential purification strategy can produce approximately 1 mg of purified full-length DENV C protein from 1 l of bacterial culture. This optimized sequential purification strategy may be useful for other proteins that have the similar properties.
This purified non-truncated, full-length DENV C protein is useful for various molecular and structural studies. For instance, it can be used to study the interaction of NS2B -NS3 serine proteinase and C protein. In order to produce mature C protein for encapsidation and assembly, full-length C protein has to be cleaved by NS2B -NS3 protein complex. Thus, it is crucial to identify the binding sites of NS2B -NS3 complex to full-length C protein, which is still unknown. It will in turn lead to the development of novel anti-viral drugs targeting the assembly of virus particles. Besides, it is also interesting to examine whether the cleaved C-terminus plays any unidentified role in the pathogenesis. The crystal structure of DENV NS2B -NS3 protein complex has been resolved (Erbel et al., 2006) . However, the crystal structure of full-length DENV C protein is still not yet available, although the NMR structure of partial DENV C protein was obtained (Ma et al., 2004) . We are now taking up the challenge to resolve the 3D structure of full-length DENV C protein using our purified protein. Ma et al. (2004) proposed a model for the interaction between C protein and its viral genome using the partial DENV C protein. However, to date, this model is not validated and the exact mechanism of encapsidation is still unclear. Investigation of how DENV C protein interacts with its RNA and oligomerizes into nucleocapsid during maturation is vital for better understanding of the pathogenesis. Recent publications also demonstrated that N-terminus of DENV C protein was antigenic in mice study and the first 18 amino acid residues were involved in the virus assembly during maturation (Puttikhunt et al., 2009; Samsa et al., 2012) . As a result, our purified non-truncated DENV C protein is absolutely desirable for delineating the whole process of encapsidation and virus assembly.
Another difficulty of studying DENV C protein is that anti-C antibody is yet to be available commercially. Most of the laboratories need to raise this antibody on their own before any further downstream experiments (Wang et al., 2002; Puttikhunt et al., 2009) . Hence, pure full-length DENV C protein can be obtained simply by enterokinase cleavage and subsequently used to raise antibody in mice or rabbits for laboratory research usage and diagnostic tool. Both fulllength DENV C protein and anti-DENV C antibody will be of commercial values.
In conclusion, we have developed an optimized protocol to engineer, express and purify the first biotinylated, fulllength DENV C protein. This purified protein is useful for various molecular studies to further understand the underlying mechanism of C protein in pathogenesis. Only by stitching all these missing pieces of the puzzle together, novel antiviral strategies can be rationally designed.
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